Mutations in the genes encoding isocitrate dehydrogenase, IDH1 and IDH2, have been reported in gliomas, myeloid leukemias, chondrosarcomas and thyroid cancer. We discovered IDH1 and IDH2 mutations in 34 of 326 (10%) intrahepatic cholangiocarcinomas. Tumor with mutations in IDH1 or IDH2 had lower 5-hydroxymethylcytosine and higher 5-methylcytosine levels, as well as increased dimethylation of histone H3 lysine 79 (H3K79). Mutations in IDH1 or IDH2 were associated with longer overall survival (P ¼ 0.028) and were independently associated with a longer time to tumor recurrence after intrahepatic cholangiocarcinoma resection in multivariate analysis (P ¼ 0.021). IDH1 and IDH2 mutations were significantly associated with increased levels of p53 in intrahepatic cholangiocarcinomas, but no mutations in the p53 gene were found, suggesting that mutations in IDH1 and IDH2 may cause a stress that leads to p53 activation. We identified 2309 genes that were significantly hypermethylated in 19 cholangiocarcinomas with mutations in IDH1 or IDH2, compared with cholangiocarcinomas without these mutations. Hypermethylated CpG sites were significantly enriched in CpG shores and upstream of transcription start sites, suggesting a global regulation of transcriptional potential. Half of the hypermethylated genes overlapped with DNA hypermethylation in IDH1-mutant gliobastomas, suggesting the existence of a common set of genes whose expression may be affected by mutations in IDH1 or IDH2 in different types of tumors.
INTRODUCTION
Isocitrate dehydrogenases IDH1 and IDH2 encode the NADP þdependent IDH, localizing to the cytoplasm and mitochondria, respectively, and catalyze the oxidative decarboxylation of isocitrate to produce a-ketoglutarate (a-KG). IDH1 and IDH2 represent the most frequently mutated metabolic genes in human cancer, mutated in more than 75% of low-grade gliomas and secondary glioblastoma multiforme, 20% of acute myeloid leukemia, 56% of chondrosarcomas, over 80% of Ollier disease and Maffucci syndrome, and 10% of melanoma. [1] [2] [3] [4] [5] [6] Tumor mutations targeting IDH1 and IDH2 cause simultaneous loss and gain of activities in the production of a-KG and 2-hydroxyglutarate (2-HG), respectively. 7, 8 It was recently demonstrated that 2-HG functions as an a-KG antagonist by binding to the same space in the catalytic site and competitively inhibiting the activity of a-KG-dependent dioxygenases, including a-KG-dependent histone demethylases and the TET family of 5-methylcytosine hydroxylases. Thus, IDH1 and IDH2 mutations would be predicted to alter histone and DNA methylation in both cultured cells and primary gliomas. 9 This model is supported by the finding that the mutations of IDH1 and IDH2 genes occur in a mutually exclusive manner with that of TET2 gene in acute myeloid leukemias. 10 The TET family of a-KG-dependent dioxygenases catalyzes the sequential oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine and 5-carboxylcytosine, leading to eventual DNA demethylation. [11] [12] [13] [14] Tumors with 1 IDH1 or IDH2 mutations would be predicted to have lower TET enzymatic activity, and thus accumulate DNA methylation. Indeed, glioblastomas with IDH1 mutations exhibited a CpG island methylator phenotype 15 and belonged to a proneural gene expression class with increased PDGFR gene expression and TP53 mutation. 16 These molecular correlates suggest that IDH1 mutations may represent early events in the pathogenesis of lowgrade gliomas and secondary glioblastomas. 1, 17 The CpG island methylator phenotype was originally described in colorectal cancer, and has subsequently been associated with mutations in BRAF. 18, 19 Promoter hypermethylation and concomitant silencing of tumor suppressor genes-such as p16, MLH1 and BRCA1-can accelerate tumor progression. 20 Certain genomic regions are more prone to increased methylation in cancer, and overlap with regions of polycomb-repressive complex binding in embryonic stem cells. [21] [22] [23] Notably, several dozen polycomb targets were shared among CIMP-positive tumors from diverse origins, including breast, glioblastoma and colorectal cancers. 24 We have discovered that intrahepatic cholangiocarcinoma represents an additional human cancer with frequent mutations in IDH1 and IDH2. Cholangiocarcinomas arise from the epithelial cells lining the bile duct: nearly 10% are intrahepatic, 20-25% are hepatic hilum and 65-70% are extrahepatic. 25 Mutations in a handful of candidate genes-including KRAS, BRAF, EGFR, TP53, PIK3CA and SMAD4-have been surveyed in cholangiocarcinomas, with varying mutation frequencies in different anatomical regions of the bile duct. 26 In this study, we elucidated the consequences of IDH1 and IDH2 mutations on DNA methylation and gene expression in intrahepatic cholangiocarcinomas and glioblastomas. We identified several genes with both increased DNA methylation and decreased gene expression that may represent candidate tumor suppressors.
RESULTS

IDH1 and IDH2 mutations in intrahepatic cholangiocarcinomas
We conducted whole-exome sequencing of an intrahepatic cholangiocarcinoma and a non-involved liver sample from the same patient. We obtained 7.2 Gb of sequence for the tumor and 8.3 Gb for the normal liver tissues, with a mean coverage of 192 Â over the 44 Mb captured target regions. There were 19 predicted mutations, including an Arg132Cys mutation in the hotspot codon of IDH1 and a Pro261Arg mutation in RAF1. We confirmed 8 of the 19 somatic mutations (42%) as somatic by Sanger sequencing (Supplementary Table 1 ).
We estimated the prevalence of IDH1 and IDH2 mutations by sequencing exon 4 of both the genes in 325 additional intrahepatic cholangiocarcinomas. We found 22 additional mutations in IDH1 and 11 mutations in IDH2, for a combined frequency of 10% (Table 1) . Mutation frequencies varied from 7.5% in Chinese patients (20 of the 265 cases from Fudan University Affiliated Zhongshan Hospitals) to 25% in a predominantly Caucasian cohort (12 of the 48 patients from Mayo Clinic).
Notably, 32 of the 33 mutations occurred in either the hotspot codon Arg132 of IDH1 or the analogous codon Arg172 of IDH2, which mediates a conformational switch in the enzyme. 27 One patient had a novel Ile99Met mutation in IDH1. This mutation was associated with 44% lower catalysis of isocitrate to a-KG in vitro, but did not gain the ability to produce 2-HG ( Supplementary Figure 1 ). For half of the IDH1mutated samples, we estimated allele frequencies using titration curves of the HT-1080 cell line as a positive control. We estimated allele frequencies between 21 and 40%, which corresponds to 42 to 80% of tumor nuclei harboring the heterozygous mutation.
Prognostic significance of IDH1 and IDH2 mutations in cholangiocarcinoma In the Fudan cohort of 252 patients with follow-up data, the presence of IDH1 or IDH2 mutation was associated with a longer time to recurrence (TTR, P ¼ 0.046; Figure 1a ). The probabilities of tumor recurrence at 1, 4 and 7 years in patients with mutated IDH1 or IDH2 intrahepatic cholangiocarcinomas (10.5%, 45.3% and 45.3%, respectively) were significantly lower than those with wild-type IDH1 or IDH2 (41.7%, 71.5% and 81.3%, respectively). The subset of patients with IDH2 mutations had marginally longer TTR (P ¼ 0.042, Supplementary Figure 2 ). In the combined patient cohort, the presence of IDH1 or IDH2 mutation was associated with a longer overall survival (OS, P ¼ 0.028; Figure 1b ).
In univariate Cox regression analysis, IDH1/2 mutation was significantly associated with TTR (hazard ratio ¼ 0.512, 95% confidence interval ¼ 0.273-0.960, P ¼ 0.037). Other significant clinical parameters on univariate Cox regression analysis included: tumor diameter greater than 5 cm (P ¼ 0.010); portal lymph node invasion (P ¼ 0.004); and tumor without encapsulation (P ¼ 0.024; Table 2 ). In multivariate analyses, the prognostic values of IDH1/2 mutation for TTR was independent of all other clinical variables tested (hazard ratio ¼ 0.477, 95% confidence interval ¼ 0.254-0.894, P ¼ 0.021; Table 2 ).
IDH1 and IDH2 mutations impaired the activity of a-KG-dependent TET hydroxylases and histone demethylases in intrahepatic cholangiocarcinomas Reduction of a-KG and accumulation of 2-HG resulting from mutations in IDH1 potentially impair the activity of multiple a-KGdependent dioxygenases, including both the TET family of DNA dioxygenases 11 and histone lysine demethylases. 11, 28 We analyzed 5hmC and 5mC by immunohistochemistry in a panel of 36 intrahepatic cholangiocarcinomas: 19 tumors harboring a mutation in either IDH1 or IDH2 and 17 tumors of similar grade but with wild-type IDH1 and IDH2. Intrahepatic cholangiocarcinoma samples harboring mutant IDH1/2 accumulated significantly lower 5hmC than those containing wild-type IDH1/2. The average relative intensity of 5hmC was 54.71±8.07% in cholangiocarcinomas with wild-type IDH1 and reduced to 24.79 ± 5.78% (P ¼ 0.005) in IDH1-or IDH2-mutated cholangiocarcinomas ( Figure 2a ). In contrast, cholangiocarcinomas with IDH1 or IDH2 mutations accumulated significantly higher 5mC than those containing wild-type IDH1 or IDH2. The average relative intensity of 5mC was 21.88 ± 7.39% in cholangiocarcinomas with wild-type and increased to 60.39 ± 8.39% (P ¼ 0.002) in cholangiocarcinomas harboring a mutant IDH1 or IDH2 (Figure 2b ). These results in cholangiocarcinomas corroborate the previous findings in gliomablastoma that mutation of IDH1 inhibits the activity of the TET family of DNA dioxygenases, resulting in a decrease of cytosine hydroxymethylation with a concurrent increase of DNA methylation. 9 Next, we analyzed histone H3 lysine 79 (H3K79) dimethylation in the same panel of 36 cholangiocarcinoma samples. H3K79 dimethylation levels were significantly elevated in cholangiocarcinoma samples that harbor IDH1 or IDH2 mutation (80.79 ± 4.23%) compared with tumors with wild-type IDH1 and IDH2 (45.00±7.11%, P ¼ 0.0003, Figure 2c ). These results indicate that mutations of IDH1/2 genes in cholangiocarcinomas caused an inhibition of histone demethylases. In addition, we also examined the levels of HIF-1a, a transcriptional factor whose steady state level is regulated in part by the a-KG-dependent prolyl hydroxylases. We found that tumors with IDH1 or IDH2 mutations also exhibited a trend toward higher levels of HIF-1a, but the significance of this increase is unclear (P ¼ 0.151, data not shown). The cellular effects of, and pathways affected by, mutations in IDH1 and IDH2 remain poorly defined. IDH1 mutations significantly co-occur with TP53 mutations in over 60% of low-grade astrocytomas, but the mechanism for this enrichment is unclear. 29 A pathology study of multiple biopsies from the same patient has found that IDH1 mutation occurred before the acquisition of p53 mutation and 1p/19q loss of heterozygosity, 30 suggesting the possibility that IDH1/2 mutation may cause a cellular stress that leads to the activation of p53 and thus increases the pressure to inactivate p53 for glioma development. We first assessed p53 
KRAS G13D Figure 1 . IDH1/2 mutations were associated with better prognosis in intrahepatic cholangiocarcinoma. Inverse Kaplan-Meier curves plot the (a) TTR after surgical resection in a cohort of 252 intrahepatic cholangiocarcinoma patients or (b) OS in a combined cohort of 298 intrahepatic cholangiocarcinomas patients. The significance was determined by the log-rank test.
IDH1/2 mutations in cholangiocarcinomas and glioblastomas P Wang et al expression levels by immunohistochemistry among these cholangiocarcinomas. A tumor specimen was classified as p53positive if immunostaining was observed in greater than 5% of tumor nuclei. In all, 13 of the 19 (68.4%) cholangiocarcinomas with IDH1 or IDH2 mutations were p53-positive, whereas only 28 of the 78 (35.9%) cholangiocarcinomas without IDH1 or IDH2 mutations were p53-positive (P ¼ 0.01). In addition, the percent of tumor nuclei with p53 staining was higher among tumors with IDH1 or IDH2 mutations. p53 expression levels were significantly elevated in cholangiocarcinoma samples that harbor IDH1 or IDH2 mutation (49.63 ± 9.45%) compared with tumors with wild-type IDH1 or IDH2 (20.40 ± 3.98%, P ¼ 0.002, Figure 2d ). We next determine by direct DNA sequencing whether accumulation of p53 protein levels is associated with mutation in p53 gene as often observed in other type of tumors. We sequenced exon 5, 6, 7, 8 and 9 that covers residues from 126 to 331, which include commonly mutated hotspots. Unexpectedly, we found only one mutation in p53 in 13 cholangiocarcinoma samples with either IDH1 or IDH2 mutation. In contrast, we found that p53 was mutated in 7 of the 11 cholangiocarcinoma samples with wild-type IDH1 and IDH2 (Supplementary Table 2 ). These results indicate that in cholangiocarcinoma, IDH1 and IDH2 mutation are associated with increased p53 protein levels, but not p53 gene mutation.
IDH1 and IDH2 mutations in cholangiocarcinomas were associated with DNA hypermethylation enriched in CpG shores To localize increased DNA methylation in cholangiocarcinomas with IDH1 or IDH2 mutations, we surveyed over 462 000 CpG sites in CpG islands, CpG shores and intragenic regions with the Illumina HumanMethylation450 Beadchip. 31 We profiled DNA methylation for 19 cholangiocarcinomas with mutations in IDH1 or IDH2, as well as 31 cholangiocarcinomas without mutations in these two genes. Consensus K-means clustering of the 5000 most informative CpG assays yielded two classes, with 18 of the 19 IDH1 or IDH2 mutants segregating in one class (Fisher exact P o 4 Â 10 À 7 ; Figure 3a ). There were seven additional cholangiocarcinomas without mutations in IDH1 or IDH2 that clustered with the hypermethylated samples. We used standard t-tests to identify differentially methylated regions between 19 cholangiocarcinomas with mutations in IDH1 or IDH2, compared with 31 cholangiocarcinomas without mutations in these genes. We identified 5763 CpG sites at a Benjamini-Hochberg False Discovery Rate of 1% and a change in methylation b-value greater than 0.20. Hypermethylation was predominant: 5758 CpG sites associated with 2309 genes had significantly increased methylation, whereas only 5 CpG sites associated with 4 genes had significantly decreased methylation (Figure 3b ; Supplementary Table 3 ).
The context of CpG sites relative to annotated transcripts allows us to infer how methylation may affect the regulation of gene expression. We observed a 1.6-fold enrichment of differentially methylated CpG sites within CpG shores in cholangiocarcinomas (Fisher exact Po10 À 16 ; Figure 3c ). Genomic regions between 200 and 1500 bp upstream of transcription start sites were 1.75-fold enriched for increased CpG methylation (Fisher exact Po10 À 16 ; Figure 3d ). In contrast, intragenic methylation was 0.67-fold less susceptible for DNA hypermethylation (Fisher exact Po10 À 16 ). Taken together, these annotations suggest that hypermethylated CpG sites in cholangiocarcinomas may modulate gene expression. Gene set enrichment analysis (GSEA) of hypermethylated target genes yielded three gene sets, including regulation of actin cytoskeleton, axon guidance and inositol 1,4,5triphosphate signaling ( Supplementary Figure 3a ; Supplementary  Table 4 ).
Gene expression changes associated with mutations in IDH1 or IDH2 in cholangiocarcinomas One consequence of DNA methylation upstream of genes can be the silencing of gene expression. We compared global gene expression profiles between 7 cholangiocarcinomas with IDH1 or IDH2 mutations and 20 tumors without these mutations. 32 Among the 2309 genes with increased methylation in tumors with IDH1 or IDH2 mutations, 29 genes had a Xthreefold increase in gene expression and 99 genes had Xthreefold reduction in gene expression ( Figure 4a ). Genes with both elevated DNA methylation and reduced gene expression could represent potential direct targets of IDH1 and IDH2 mutations. Ingenuity Pathway Analysis on these 128 genes revealed a signaling network that included cytokine and NF-kB signaling (Figure 4b ).
We used GSEA to compare the global gene expression profiles of the IDH1/2 mutant and IDH1/2-wild-type cholangiocarcinomas. The small number of samples reduced the significance of these findings, yet there were some intriguing trends. Notably, four overlapping gene sets implicated upregulation of the FGFR signaling pathway, and the FGFR2, FGFR3 and FGFR4 receptor tyrosine kinases were overexpressed at least threefold among tumors with IDH1 or IDH2 mutations (FDR q-value ¼ 0.054; Figures 4c-e). Carboxylic acid transporters, epigenetic regulators and cell proliferation gene sets were downregulated among the cholangiocarcinomas with IDH1 or IDH2 mutations Figure 4) . Other upregulated gene sets included proteoglycan and heparin sulfate metabolism, protein folding, membrane fusion, transcription from RNA polymerase III (GSEA nominal P-value o0.05; FDR q-value ¼ 1, Supplementary  Figure 4 ).
Differentially methylated regions in IDH1-mutated glioblastomas We sought to assess whether IDH1 mutations instigate DNA methylation of similar genomic regions, when the mutations occur in the context of different tissue types. We profiled DNA methylation of 26 glioblastomas with IDH1 mutations, as well as 36 glioblastomas without mutations. We identified 47 291 hypermethylated CpG sites among 9394 genes that were associated with IDH1 mutations, at a False Discovery Rate of 1% and a change in methylation b-value greater than 0.20. These 62 samples were representative of the 91 glioblastomas in the Cancer Genome Atlas cohort 15 (Supplementary Figure 5 ). Methylated targets in glioblastomas were enriched for genes involved in neuronal biology. GSEA yielded 97 gene sets that merged into 11 annotation clusters of overlapping gene sets (FDR qo0.01; Supplementary Figure 3b , Supplementary Table 5 ). Methylated gene targets were enriched in neuronal biology, including neuronal differentiation, synaptic transmission, ion transport, insulin secretion, NF-kB signaling, cAMP signaling, axon guidance, regulation of actin cytoskeleton, calmodulin pathway, MAPK pathways, G protein signaling and Rho GTPases. Assuming that methylation is associated with gene silencing, these annotations suggest that IDH1-mediated DNA hypermethylation counteracts neuronal differentiation in glioblastomas, and provides further evidence for the model that IDH1 mutations may occur in a neural progenitor cell of origin. Commonly hypermethylated regions in cholangiocarcinomas and glioblastomas with mutations in IDH1 or IDH2 We identified the overlap of hypermethylated CpG sites in cholangiocarcinomas or glioblastomas with mutations in IDH1 or IDH2, compared with the same tumor types without mutations. Nearly half of the hypermethylated genes in cholangiocarcinomas were also methylated in glioblastomas: 2681 hypermethylated CpG sites with a methylation b-value difference greater than 0.20 that were adjacent to 1149 genes, which represented a nearly 10-fold enrichment compared with random chance (Figure 5a ; w 2 -test Po10 À 15 ). We integrated the list of hypermethylated genes from methylation arrays with two external gene expression data sets with known IDH1 mutation status: a set of 71 proneural glioblastomas 15 and a set of 27 cholangiocarcinomas. 32 We hypothesized that IDH1 or IDH2 mutations would have similar effects on methylation and gene expression across different patient cohorts. We filtered for genes with increased DNA methylation and lower gene expression in both tumor types. Among the 867 genes that were represented on both microarray platforms, we found 129 genes (15%) with at least twofold decrease in gene expression among cholangiocarcinomas with IDH1 or IDH2 mutations and 43 genes (5%) with at least twofold decrease among glioblastomas with IDH1 mutations. Sixteen hypermethylated genes had reduced gene expression in both tumor types: RBP1, MT1M, FMOD, LOX, RAB34, ENPP2, RGS16, KCTD14, MDK, S100A9, PRKCDBP, SPAG17, FHL2, C11orf45, LRRC34 and TSHZ2 (Figure 5b , Supplementary Table 6 ).
DISCUSSION
We have discovered intrahepatic cholangiocarcinomas as an additional and fifth major tumor type with frequent mutations (B10%) in IDH1 and IDH2. These mutations occurred predominantly in hotspot codons, IDH1 Arg132 and IDH2 Arg172, and were associated with decreased 5hmC, increased DNA methylation, increased H3K79 dimethylation and increased p53 expression. The prognostic significance of mutations in IDH1 and IDH2 suggests that hypermethylated cholangiocarcinomas may represent a distinct molecular subclass with a better prognosis.
Recently, Borger et al. 33 have carried out a genotyping study of 287 tumor samples including multiple kinds of gastrointestinal cancer, targeting IDH1 Arg132 or IDH2 Arg172, but not IDH2 Arg140, which is a mutation hotpot in acute myeloid leukemia. 34 They identified IDH1/2 mutations in 9 of 40 (23%) intrahepatic cholangiocarcinoma, but none in 22 extrahepatic cholangiocarcinoma or 25 gallbladder carcinoma. In that study, mutations in IDH1 had higher prevalence than mutations in IDH2 (8 out of the 9, or 89%), and both mutations were associated with higher levels of 2-HG. More recently, Kipp et al. 35 found IDH1/2 mutations in 21 of 94 cholangiocarcinomas, including 19 of 67 intrahepatic Together with this current report, these three studies identified 62 of 433 (14%) intrahepatic cholangiocarcinomas with mutation in either IDH1 or IDH2. There appears to be clear difference in the frequency of IDH1/2 mutation prevalence, which appears to be lower in Asian patients (7.5%), compared with 23% in the Borger et al. 33 cohort, 28% of intrahepatic tumors in the Kipp et al. 35 cohort, as well as in 25% (12 of 48) of patients in this current cohort from Mayo Clinic. Both the molecular basis and clinical significance of this ethnic difference in IDH1/2 mutations remain to be determined. The earliest genetic alterations during the development of secondary glioblastoma multiforme are mutations targeting IDH1 and p53, with IDH1 mutations likely occurring before p53 mutation. 29, 30 This association suggests that IDH1/2 mutation may cause a cellular stress that leads to the activation of p53 and thus increases the pressure to inactivate p53 for glioma development. Our study showed that mutations in IDH1 or IDH2 likely also cause a cellular stress in cholangiocarcinomas that leads to p53 activation, as seen by the significant increase of p53 protein levels. Unlike secondary glioblastoma multiforme, mutations in IDH1 or IDH2 in cholangiocarcinomas are not associated with p53 gene mutation. We interpret our result as an indication that unlike glioblastoma multiforme, an alteration of a gene downstream p53 pathway, rather than p53 gene itself, may occur in cholangiocarcinomas with IDH1 or IDH2 mutation that has functionally inactivated the p53 pathway and relieved the pressure to mutate p53.
A common theme among diverse tumors with mutations in the IDH-TET pathway may be the expansion of progenitor lineages, as a consequence of widespread disruptions in DNA methylation and hydroxymethylation. The impairment of hematopoetic stem cell differentiation can be facilitated by IDH2 mutations or reduced Tet2. 10, 36 Glioblastomas with IDH1 mutations are strongly associated with the expression of marker genes from neuroblast progenitors, 16 and our data indicate that concomitant methylation of neuronal differentiation genes occurs in glioblastomas with IDH1 mutations. Mutations in the IDH-TET pathway may appear early in tumor progression: IDH1 or TET2 mutations occur at high frequencies in low-grade gliomas or myeloproliferative neoplasms, IDH1/2 mutations in cholangiocarcinomas and glioblastomas P Wang et al respectively, whereas subsequent mutations in TP53 or JAK2 coincide with the transition to myeloid leukemias or glioblastomas. 30, 37 We speculate that the precursor lineages for hepatocytes and cholangiocytes that reside in bile ducts may be expanded in cholangiocarcinomas with mutations in IDH1 or IDH2. 38 Tumors with IDH1/2 mutations expressed over 1.6-fold higher levels of the hepatic stem cell lineage markers, EpCAM and NCAM (Supplementary Figure 6 ). 39 This model that invokes a precursor cell of origin within the liver may explain why lower frequencies of IDH1 or IDH2 mutations were observed in extrahepatic cholangiocarcinomas. 33, 35 Genome-wide surveys of CpG island methylation indicated that there was significant overlap of DNA hypermethylation between two tumor types with IDH1 mutations. These overlapping hypermethylated regions may include tumor suppressors that are silenced in multiple cancer types. Divergent target genes in different tumor types may reflect differences in chromatin modifications or accessibility to TET dioxygenases between distinct mature cell lineages. In multiple studies of DNA methylation and gene expression, only a minority of genes have reduced gene expression: for instance, 17% of genes in CIMP-high gliomas, 15 7% of genes in CIMP-high colorectal cancer 40 and 6% of genes in CIMP-high breast cancers. 24 This modest impact may be due to several reasons. Methylation in different regions relative to the transcription start site have different efficacies in inhibiting transcription. 41 Genes that accumulate methylation may have lowbaseline expression in most tumors, and thus an increase in DNA methylation may not silence expression levels further. 15 In addition, the impact of DNA methylation on noncoding transcripts could not be assayed by gene expression microarrays. Further integration of DNA hypermethylated regions with gene expression data will help to identify the target genes whose expression are affected by the mutations in IDH1/2 as the result of altered histone or DNA methylation.
MATERIALS AND METHODS
Tumor biospecimens
Snap-frozen or paraffin-embedded tumor and non-tumor specimens were procured after obtaining written informed consent under the Institutional Review Board guidelines from 319 patients with intrahepatic cholangiocarcinoma who received surgical treatments at Liver Cancer Institute and Zhongshan Hospital of Fudan University (Shanghai, China; 265 cases), the University of North Carolina (13 cases) and Mayo Clinic (48 cases). Tumors were verified as cholangiocarcinoma by two pathologists. A total of 252 out of the 265 cholangiocarcinoma patients from Fudan University were enrolled into the survival analysis, they were followed up to 15 May 2011, with a median follow-up of 11 months (range 1-110.13 months). In all, 41 of the 48 patients from Mayo Clinic were also enrolled into the survival analysis, with a median follow-up of 29.53 months (range 0.67-153.43 months).
Glioblastoma biospecimen-including 26 tumors with IDH1 mutations and 36 tumors without IDH1 mutations-were acquired from the Affiliated Huashan Hospital of Fudan University. A physician or nurse practitioner obtained informed consent from the patients. The procedures related to human subjects were approved by Ethic Committee of the Institutes of Biomedical Sciences (IBS), Fudan University.
Whole-exome sequencing
Three micrograms of genomic DNA from an intrahepatic cholangiocarcinoma-as well as adjacent, non-involved liver tissue-were fragmented using Bioruptor sonication device (Diagenode Inc, Denville, NJ, USA), Illumina paired end adapters were ligated and enriched by six cycles of PCR amplification. Whole-exome capture was performed with SureSelect Human All Exon kit (Agilent Technologies Inc, Santa Clara, CA, USA) using 500 ng of amplified library, hybridized DNA fragments were captured with streptavidin-coated beads and amplified by 12 cycles of PCR. Paired-end 76 bp sequence reads were generated on the Genome Analyzer II and HiSeq 2000 sequencers (Illumina Inc, San Diego, CA, USA). Somatic mutations were called by the MuTect algorithm 42 and validated by PCR using primers in Supplementary Table 1. DNA sequencing DNA was extracted using the QIAamp DNA mini kit for snap-frozen samples or the Qiagen DNA FFPE tissue kit (Qiagen Inc, Valencia, CA, USA) for paraffin-embedded samples. Exon 4 of IDH1 was PCR amplified using the primer pair IDH1-f: 5 0 -TGAGCTCTATATGCCATCACTGCA-3 0 and IDH1-r: 5 0 -CAATTTCATACCTTGCTTAATGGG-3 0 for 30 cycles with the following conditions: 94 1C for 30 s, 55 1C for 30 s, 72 1C for 30 s. Exon 4 of IDH2 was similarly PCR amplified with the primer pair IDH2-f: 5 0 -GTCTGGCTGTGTTGT TGCTTG-3 0 and IDH2-r: 5 0 -CAGAGACAAGAGGATGGCTAGG-3 0 . DNA samples from paraffin sections were subjected to a second round of PCR using the nested primers: IDH1-NestF: 5 0 -gcagttgtaggttataactatcc-3 0 and IDH1-NestR: 5 0 -TGGGTGTAGATACCAAAAG-3 0 , or IDH2-NestF: 5 0 -gggttcaaattctggttgaa ag-3 0 and IDH2-NestR: 5 0 -GGCGAGGAGCTCCAGTCG-3 0 . Pyrosequencing confirmation of IDH1 and IDH2 mutations was performed using the primers in Shibata et al. 4 Sequencing of exon 5-9 of the TP53 gene was carried out following the method from IARC TP53 database (http://www-p53.iarc.fr/ Download/TP53_DirectSequencing_IARC.pdf) with following primers: Exon 5-6-f: 
Statistical analysis of clinical and pathological data
Analysis was performed with SPSS 16.0 for Windows (SPSS, Chicago, IL, USA). The endpoint was TTR and OS. TTR was defined as the time from the start of surgery to the first report of intrahepatic recurrence (excluding patients who had died from non-liver cancer causes before recurrence). For patients who had not experienced a recurrence at the time of death or last follow-up, TTR was censored at the date of death or the last follow-up. A diagnosis of recurrence was based on typical imaging appearance in CT and/or MRI scan. OS was defined as the interval between the dates of surgery and death. 43 
Identification of differentially methylated CpG sites
We filtered out CpG sites for which the average methylation b-value was less than 0.70 from four technical replicates of genomic DNA from a M.SssItreated methylated control. Probes on chromosomes X and Y were discarded, which left 462 732 CpG assays. Thirty tumors were assayed at the Wake Forest Baptist Medical Center, and twenty tumors were assayed at the University of North Carolina. We modeled the logit-transformed b-values for each CpG assay with a sample-size-weighted linear model to adjust for the batch effect:
where Batch is an indicator variable for the batch effect taking value 1 if it was processed at the University of North Carolina, and Mutant is an indicator variable for the mutation status of IDH1 or IDH2 taking value 1 if it was mutant. The estimated batch effect a was subtracted from the logittransformed b-values in Batch 2, and back-transformed to obtain the normalized b-values. After the normalization step, probes that were differentially methylated between IDH1/2 mutant and wild-type tumors were obtained using the standard two-sample t-test with unequal variance and sample size. To adjust for multiple comparisons, we applied the Benjamini-Hochberg method to control the False Discovery Rate at 5%. We further filtered the list of significant CpGs by retaining those which exhibited at least 20% difference in methylation b-value between mutant and wild type in our final comparisons.
Consensus clustering
We determined the top 5000 CpG probes with the highest median absolute deviation across the 50 cholangiocarcinoma samples. We used the R clusterCons package to perform K-means clustering for values ranging from K ¼ 2 to K ¼ 5, with 500 iterations of randomly resampling 80% of the probes and 80% of the tumors. We chose K ¼ 2 as the best performing cluster.
Gene expression microarrays
Microarray data for 27 fresh-frozen intrahepatic cholangiocarcinomas were obtained from the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/), accession number GSE26566. 32 Data preprocessing was performed with GenomeStudio v2010 as described in Andersen et al. 44 Intensity values less than 1 was transformed to 1, and the data set quantile normalized. Tumor samples were analyzed as the log2 ratio to the average of six normal intrahepatic bile ducts that were resected at the Surgical Branch of the National Institutes of Health. There were 15 504 genes with significant detection P-values (Po0.05) and median absolute deviation greater than 0 across 27 tumors. Copy-number normalized gene expression changes between CpG island methylator phenotype positive and negative proneural glioblastomas was contained in a table of 1520 hypermethylated genes from the Supplementary Information of Noushmehr et al. 15 
GSEA of methylated CpG sites
For each CpG assay, a t-statistic was calculated between the logittransformed b values for 19 IDH1-or IDH2-mutated cholangiocarcinomas, vs 31 IDH1 and IDH2 wild-type cholangiocarcinomas. Similarly, the t-statistic was calculated between 26 IDH1-mutated glioblastomas vs 36 IDH1-wild-type glioblastomas. Gene scores were assigned as the maximum t-statistic for all CpG assays annotated to a particular gene. In the combined analysis of cholangiocarcinomas and glioblastomas, a gene score was assigned as the maximum coefficient for the mutant-associated coefficient (Supplementary Methods). Gene set enrichment analysis version 2.07 (Gene set enrichment analysis, Broad Institute, Cambridge, MA, USA) was run in pre-ranked mode on a list of 19 728 genes covered in the HumanMethylation450 BeadChip after probe filtering. 45 A total of 1284 gene sets were obtained from merging Gene Ontology biological process terms with the mSigDB version 3.0 signaling pathways curated from KEGG, BioCarta and Reactome. Annotation enrichments were visualized with the Enrichment Map plugin for Cytoscape, 46 using a nominal P-value cutoff of 0.001, a FDR q-value cutoff of 0.10 (cholangiocarcinomas) or 0.01 (glioblastomas) and an overlap of 50% between gene sets.
Signaling pathway annotations of gene expression data
Gene Set Enrichment Analysis version 2.07 was run on the list of 15 504 genes covered in the Illumina HumanRef-8v2 BeadChips after filtering. 45 A total of 1284 gene sets were obtained from merging gene ontology biological process terms with the mSigDB version 3.0 (MSigDB, Broad Institute, Cambridge, MA, USA) signaling pathways curated from KEGG, BioCarta and Reactome. Ingenuity pathway analysis annotated the list of 285 genes in intrahepatic cholangiocarcinoma with significant DNA hypermethylation as well as 42.8-fold reduction in gene expression, in IDH1/2-mutated vs IDH1/2-wild-type tumors.
